Summary. The effect of azithromycin and erythromycin on growth, cell surface hydrophobicity and the susceptibility to the bactericidal activity of human polymorphonuclear leucocytes (PMNL) was examined in four Streptococcus species. Exposure to either 10 x MIC azithromycin or erythromycin induced a post-antibiotic effect (PAE) of between 2.4 and 4.3 h. Erythromycin caused a longer PAE for S. sanguis than azithromycin under the same conditions. The cell surface charge (hydrophobic or hydrophilic) of the streptococci was altered significantly during PAE ; loss of hydrophobicity was induced by both macrolides, and this effect was variable amongst the species. The decrease in hydrophobicity was not related to inhibition of growth. The effect of each drug during PAE on the interaction of opsonised suspensions of the streptococci with human PMNL revealed that erythromycin, and to a lesser extent azithromycin, increased susceptibility to the bactericidal activity of human PMNL; this effect was abolished following PAE. The present study clearly showed that PAE should not only be considered as delayed bacterial growth, but also as modulation of bacterial susceptibility to phagocytosis which may influence the outcome of the host-parasite relationship.
Introduction
The persistent suppression of bacterial growth after exposure to antimicrobial agents has been defined as the post-antibiotic effect (PAE). This may last for several hours depending on the concentration of antibiotic and the susceptibility of the target organism.' PAE can also affect bacteria in other ways;2 some of these effects include changes in growth kinetic^,^ morphology,* inhibition of enzyme and toxin prod~c t i o n ,~ loss of adhesive properties6y ' and susceptibility to host humoral and cellular immunity. 8 In other studies, these effects were usually observed when bacteria were incubated with antibiotics at levels below the MIC (sub-MIC). During PAE, bacterial physiology may also be affected by exposure to the antimicrobial agents.
Post-antibiotic leucocyte enhancement (PALE), or the effect of previous exposure to antibiotics on the susceptibility of bacteria to the phagocytic and bactericidal activities of polymorphonuclear leucocytes (PMNL), has been studied. Pruul became more susceptible to phagocytic killing by PMNL after exposure to supra-MIC of aztreonam. The same group of workers showed that Escherichia coli which had been exposed to chloramphenicol and quinolones became more susceptible to the bactericidal activity of phagocytes than bacteria which had not been exposed.lo Amongst the gram-positive pathogens, Staphylococcus aureus has been shown to become more susceptible to phagocytic killing after exposure to 10 x MIC of penicillin, erythromycin or clindamycin."
The present study sought to determine the consequences of PAE induced by azithromycin and erythromycin on cell surface hydrophobicity and susceptibility to the bactericidal activity of PMNL of four different species of streptococci.
Materials and methods

Bacterial strains
Streptococcus pyogenes ATCC 10389, S. mutans ATCC 10449 and S. sanguis ATCC 7864 were obtained in lyophilised form from the American Type Culture Collection. A strain of S. durans was isolated IP: 54.70.40.11
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from a patient with endocarditis in King Saud University Hospital, Riyadh, Saudi Arabia.
Antibiotics
Erythromycin and azithromycin were obtained as pure reference powders with known potency from Abbott Laboratories, Chicago, USA, and Pfizer Research, Groton, USA, respectively.
Determination of MIC
The MIC were determined by the agar dilution method with Todd-Hewitt Agar (HI-MEDIA Laboratories, India). The agar containing antibiotic was inoculated with a standard volume (50~1) of the freshly prepared culture of the test organism (1 x 104cfu/ml). The MIC was taken as the lowest concentration that produced inhibition of bacterial growth after overnight incubation at 37°C.
Preparation of inoculum
All studies were performed with bacteria harvested from logarithmic phase cultures obtained by inoculating a single colony into Todd-Hewitt broth and incubating overnight at 37°C with shaking in a waterbath. The optical density (OD) of the resulting bacterial growth at 400 nm (LKB Ultrospec 11, Milton Keynes) was adjusted to 0.3, then the culture was diluted 1 in 10 with pre-warmed fresh broth and reincubated at 37°C in the waterbath for 2 h, resulting in a final cell density of 1 x lo7 cfu/ml. This point was defined as zero-time after exposure to antibiotic.
Determination of post-antibiotic effect ( P A E )
The PAE was measured as described previously.' Concentrations of antibiotic representing 10 x MIC were added to the broth containing each test species at 1 x lo7 cfu/ml. A control broth sample without antibiotic was retained. After incubation for 1 h at 37°C in a shaking waterbath, the antibiotic content was reduced to an inactive level by diluting the cultures 1 in 1000 in pre-warmed fresh medium. The control sample was diluted in the same way and both were reincubated. Bacterial viable counts were determined by the Miles and Misra technique12 on Todd-Hewitt agar at time zero, immediately before and after drug removal and each hour thereafter for 6-8 h. The PAE was calculated from the equation PAE (hours) = T-C where T is the time required for the count in cfu/ml of the test culture to increase 10-fold above the count observed directly after drug removal, and C is the time required for the count in cfu/ml of an untreated culture to increase 10-fold from the same time point.
Measurement of cell-surface hydrophobicity
The cell-surface hydrophobicity of untreated and antibiotic-treated cells was determined by the method of Rosenberg. l3 The experiments were repeated three times to ensure reproducibility. n-Hexadecane (0-06 ml) was added to a test-tube containing 2.4 ml of bacterial suspension with an OD of 1.0 at 400 nm in phosphate buffer. The tubes were shaken for 120 s on a vortex mixer and then left at room temperature for 15 min. After separation into two layers, the aqueous layer was removed and the OD was determined again at 400 nm. The results were expressed as the percentage of OD at 400nm with reference to the bacterial suspension without hexadecane.
Measurement of phagocytosis
PMNL were recovered from freshly donated heparinised venous blood and purified as described by Verhoef et all4 Final cell suspensions were adjusted to 1.2 x lo6 PMNL/ml in Hanks's Balanced Salts Solution containing gelatin 0.1 YO (gel-HBSS).
Normal human serum (NHS) was obtained from a pool of healthy donors and stored in 2-ml portions at -20°C until required.
The susceptibility of the bacteria (pre-treated and untreated) to the bactericidal activity of human PMNL was determined by the method described by Pruul.2 The target organisms had been exposed to 10 x MIC of either azithromycin or erythromycin for 1 h. The antibiotics were removed by centrifugation and bacterial pellets were suspended in Todd-Hewitt broth and then incubated in a shaking waterbath at 37°C. After 0, 4 and 20 h, the bacterial cells were separated by centrifugation, washed three times in phosphatebuffered saline (PBS) and adjusted turbidimetrically to a concentration of 2 x lo7 cells/ml. Bacteria not exposed to either macrolide were treated in an identical manner. Samples of each bacterial suspension were added to PMNL (1.2 x lo6 cells/ml) and NHS 10 % in sterile plastic tubes, such that the ratio of bacteria: PMNL was 1 : 1. Controls without PMNL were included. All tubes were incubated at 37°C in a shaking waterbath. After incubation for 2 h, 20 pl were added to 1 ml of sterile distilled water and agitated for 20 min to disrupt the PMNL. Tests to assess the viability of bacteria after exposure to water showed no loss of bacterial viability, but > 95% of the PMNL were disrupted. Samples (20~1) were spread on to ToddHewitt agar and the number of colonies was counted after overnight incubation at 37°C. The effect of PAE on bacterial susceptibility to PMNL was determined by comparison of the percentage reduction in bacterial survival.
Statistical analysis
Results of each assay were analysed by Student's t test.
Results
The measurement of PAE is presented in table I. An extended period of growth suppression was observed 
Discussion
after exposure of each of the streptococcal strains to 10 x MIC of erythromycin (average of 4.1 h). Azithromycin induced a more moderate PAE (average 2-9 h) under the same conditions. The cell-surface hydrophobicity of non-exposed streptococci and of streptococci exposed to 10 x MIC of either azithromycin or erythromycin is presented in table 11 . Generally, all the test bacteria were hydrophobic, as shown by their ability to migrate to the hexadecane layer. Bacterial hydrophobicity was decreased after exposure to antibiotic with significant differences between exposed and non-exposed cells immediately after removal of the drug (table 11) . At 4 h, each of the four species exhibited decreased hydrophobicity after exposure to antibiotic. Even 20 h after exposure to antibiotics, there was a significant difference (p = 0.02) between the surface charge of S. pyogenes exposed to erythromycin or azithromycin and untreated cells, whereas the surface charges of S. mutans, S. sanguis and S. durans were almost the same as the non-treated cells under the same conditions.
The effect of PAE on bacterial susceptibility to the bactericidal activity of human leucocytes is shown in
The data indicate that macrolides produce a longer PAE on various Streptococcus spp. than that caused by the penicillins. This was expected, considering that inhibitors of protein synthesis induced an extended PAE on gram-positive bacteria.l Azithromycin induced a significant PAE against s. pyogenes and other P-haemolytic streptococci, which is in agreement with other rep0~ts.l~ It is possible that the drug concentration, the growth phase of the bacteria and the duration of exposure to the antibiotics as well as the method of removal of the drug, could be responsible for some of these differences.
During PAE, inhibitory effects were observed not only on bacterial growth but also on the characteristics of the cell surface. Thus, exposure of streptococci to macrolides was shown to have two related effects: (i) diminution of the cell-surface hydrophobicity of the treated cells; and (ii) increased killing activity by human PMNL. These drugs strongly inhibited the association of streptococci to the hydrocarbon during the PAE. S. pyogenes adheres to buccal epithelial cells by M-protein? The decline in the ability of the bacterial cells to associate with hexadecane, i.e., become more hydrophilic, could be explained on the grounds that these drugs inhibit the synthesis of proteins, e.g., M-protein.l7 During PAE, a slower bacterial growth rate may also affect adherence of S. sanguis, S. rnitis and S. r n u t a n~. ~~~~~ The hydrophobic nature of the cell surface of various microbial cells has been shown to influence the interaction between bacteria and PMNL and attachment of bacteria to host tis~ues.'~ Exposure of the test streptococci to macrolides by decreasing surface hydrophobicity increased their susceptibility to killing by human PMNL. This observation has also been reported by Pruul et aL2 who found that brief exposure of streptococci to 4 x MIC of erythromycin increased their susceptibility to phagocytic killing.
Several earlier studies with sub-MIC levels of various antibiotics, including lincosamindes, macrolides and penicillins, have suggested that bacterial susceptibility to killing might result from changes in the efficacy of serum opsonisation.2* 20- 22 PAE has been extensively studied in the hope that an understanding of this effect may justify the use of PAE-inducing antimicrobial agents with longer dosing intervals than those currently employed without loss of efficacy. The use of antibiotics that can exploit the PAE is generally considered ad\ antageous both in terms of cost and and, as this study shows, perhaps also in terms of efficacy by co-operation with the host's phagocytic cell functions.
The present study illustrates the existence of a PAE for azithromycin and erythromycin against streptococci, thereby extending the pharmacokinetic advantages of these drugs. The impact of PAE on the metabolic activity of the pathogenic bacteria is likely to be due to the residual activity of the drug within the bacterial cell. Further studies are needed to determine the clinical significance of this observation. Following PAE, bacteria may lose some of their virulence features and thus become more susceptible to host defence mechanisms. 6. Tylewska S, Hjertkn S, Wadstrom T. Effect of subinhibitory
